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Introduction {#sec001}
============

Head and neck cancer derives from the upper aerodigestive tract including the nasal cavity, paranasal sinuses, oral cavity, pharynx and larynx. Histopathologically, the predominant malignancy in head and neck cancer is squamous cell carcinoma (SCC).

Oral SCC (OSCC) is the most common type of head and neck cancer. According to the recent GLOBOCAN estimates, approximately 300,000 new lip/oral cavity cancer patients were diagnosed in 2012 worldwide \[[@pone.0154112.ref001]\]. The 5-year survival rate of OSCC patients still ranges from 40 to 60% \[[@pone.0154112.ref002], [@pone.0154112.ref003]\]. Investigation regarding the molecular mechanism that regulates malignant behaviors of OSCC will be needed for development of therapeutic approaches and improvement of the poor prognosis.

Cancer stroma is composed of various types of cells including fibroblasts, immune cells, pericytes and endothelial cells. Recent studies have shown that these cells and their products establish suitable microenvironments for cancer proliferation, invasion, angiogenesis, metastasis, and chemoresistance \[[@pone.0154112.ref004], [@pone.0154112.ref005]\]. In particular, cancer-associated fibroblasts (CAFs), which are the main cancer stroma components, play a crucial role in tumor progression in various types of cancer \[[@pone.0154112.ref006]\]. Their origins are thought to be either tissue-resident fibroblasts, mesenchymal stem cells recruited from bone marrow, or cancer cells that underwent epithelial-mesenchymal transition \[[@pone.0154112.ref007]\]. Several studies have reported that CAFs stimulate cancer cell invasion \[[@pone.0154112.ref008]--[@pone.0154112.ref010]\] or proliferation \[[@pone.0154112.ref011]\] and correlate with poor prognosis in OSCCs \[[@pone.0154112.ref012], [@pone.0154112.ref013]\].

Notch signaling is an evolutionarily conserved pathway that regulates cell proliferation, apoptosis and differentiation \[[@pone.0154112.ref014]\]. Notch signaling is initiated by binding of NOTCH-ligand to its receptor, which is mediated by cell-to-cell contact. In humans, there are four receptors (NOTCH1-4), and five ligands (JAGGED1, 2 and DLL1, 3 and 4). Binding of the ligand to its receptor leads to cleavage and release of the intracellular domain of the NOTCH receptor (NICD). NICD translocates from the plasma membrane to the nucleus, which initiates transcription of the NOTCH target genes \[[@pone.0154112.ref015]\]. Recent studies have shown that dysregulation of Notch signaling is involved in diverse diseases, including various types of cancers \[[@pone.0154112.ref016], [@pone.0154112.ref017]\]. Alterations of Notch signaling in cancer cells include gain or loss of function mutations, and receptor/ligand overexpression \[[@pone.0154112.ref018]\]. We previously demonstrated NOTCH1 downregulation in cancer cells in OSCC by microarray and immunohistochemical studies using human OSCC samples \[[@pone.0154112.ref019]\], and recent studies have indicated that NOTCH1 acts as a tumor suppressor in OSCC pathogenesis \[[@pone.0154112.ref020]--[@pone.0154112.ref022]\].

Although both CAFs and Notch signaling play important roles in cancer progression, Notch signaling in CAFs, as opposed to cancer cells, and its contribution to malignant behavior has not been fully elucidated. NOTCH3 is physiologically expressed in the smooth muscle cells of small arteries and regulates differentiation and maturation of these cells. Loss-of-function mutation of NOTCH3 has been shown to cause cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADSIL) that is characterized by the degeneration or loss of vascular smooth muscle cells of the media, thickening of the vessel wall and deposits of granular osmiophilic materials (GOM) close to the cell surface of the smooth muscle cells or pericytes \[[@pone.0154112.ref023]\]. Recent studies showed that NOTCH3 is induced in fibroblasts by direct cell-to-cell contact with HUVECs and promotes vessel formation \[[@pone.0154112.ref024], [@pone.0154112.ref025]\]. These findings suggest that NOTCH3 has an essential role in the regulation of angiogenesis.

In this study, we focused on analysis of NOTCH3 in CAFs to investigate its contribution to OSCC progression. We showed NOTCH3 expression in CAFs by immunohistochemical study of samples of 93 cases of human tongue OSCC and found that NOTCH3-positive CAFs promote tumor angiogenesis in the presence of various cancer cell lines *in vitro*. Moreover, this NOTCH3 induction in CAFs correlated with poor survival of OSCC patients. These results suggest the utility of NOTCH3-targeted molecular therapy in OSCCs.

Material and Methods {#sec002}
====================

Clinical Specimens {#sec003}
------------------

Primary tongue squamous cell carcinoma specimens were collected from 93 patients who had been treated at the Dental Hospital of Tokyo Medical and Dental University. Nine primary gingival SCCs, 10 buccal SCCs and 9 SCCs of floor of mouth were also collected. All of the tissues were fixed with 10% neutral buffered formalin and embedded in paraffin according to routine laboratory protocols. All experimental procedures were conducted in accordance with the amended Declaration of Helsinki and approved by the ethics committee of Tokyo Medical and Dental University (Registry No. 1063). We used surgically resected, formalin-fixed and paraffin-embedded human OSCC tissues for immunohistochemical study. Although written informed consent was not obtained from the patients, the ethics committee approved waiver of specific informed consent in accordance with amended Ethical Guidelines for Clinical Studies provided by Ministry of Health, Labor and Welfare of Japan (July 31, 2008). This research plan was disclosed in a poster format in the outpatient clinic of the oral surgery department to ensure that patients had the opportunity to decline the research use of their pathological samples, which substituted for written informed consent, and ethics committee approved this consent procedure.

Immunostaining {#sec004}
--------------

For immunohistochemical staining, formalin-fixed, paraffin-embedded human OSCC tissue sections were used. The primary antibodies used were as follows: anti-NOTCH3, rabbit polyclonal, 1:200 (ab23426, Abcam, CA, USA); anti-SMA, mouse monoclonal, 1:100 (M0851, Dako, Glostrup, Sweden). Antigen retrieval was performed according to the manufacturer's protocol. EnVision+ Dual Link (Dako) was used for secondary antibody, and coloration was conducted with diamino-benzidine substrate. For immunofluorescent double-staining, anti-NOTCH3, 1:200 (Abcam), SMA, 1:100 (mouse monoclonal, M0851, Dako or rabbit monoclonal, Clone SP171, Spring Bioscinece, CA, USA), CD34, 1:100 (mouse monoclonal, NCL-L-END, Leica Biosystems, Wetzlar, Germany) and Cytokeratin, 1:100 (mouse monoclonal, Clone AE1/AE3, M3515, Dako) were used as a primary antibody. For antigen retrieval, the sections were treated with Tris buffer (pH = 7.4) containing 0.1 mg/ml trypsin for 30 min at 37°C for CD34 antibody. Alexa Fluor 488 goat anti-rabbit IgG (A11008, Invitrogen, CA, USA) and Alexa Fluor 594 goat anti-mouse IgG (A11005, Invitrogen) were used as secondary antibody. DAPI was used for nuclear staining. The immunofluoroscent images were captured and analyzed using Axioskop2 plus microscope (Carl Zeiss, Jena, Germany).

Evaluation of Immunohistochemical Analyses {#sec005}
------------------------------------------

The immunohistochemical results for NOTCH3 and α-SMA were evaluated based on the staining intensity and proportion of positive fibroblastic cells in the cancer stroma by two pathologists without prior knowledge of the patient's clinicopathological data. Staining intensity was divided into four groups: negative, weak, moderate and strong. Cases with moderate or strong intensity in more than 30% of the fibroblasts in the cancer stroma were regarded as positive for the expression of each protein.

Cell Culture {#sec006}
------------

The following eight head and neck squamous cell carcinoma cell lines, HO1-N-1, SAS, BHY, Ca9-22, HSC3, HSC4, HSC5 and SKN3 were used. These lines were derived from the oral cavity except for HSC5 that was derived from the maxillary sinus. Six cancer cell lines were derived from non-oral lesions, HeLa from uterine cervix SCC, A549 from lung adenocarcinoma, MCF-7 from breast adenocarcinoma, MKN74 from gastric adenocarcinoma, HCT-15 from colon adenocarcinoma and Panc-1 from pancreatic adenocarcinoma, were also used. All cancer cell lines were cultured as described before \[[@pone.0154112.ref026]\]. HO1-N-1, SAS, Ca9-22, HSC3 and HSC5, and SKN3 were purchased from Japanese Collection of Research Bioresources (Osaka, Japan). BHY was provided by Dr. Masato Okamoto (TELLA Inc, Tokyo, Japan). HSC4 was established by Dr. Momose in the department of Oral and maxillofacial Surgery in Tokyo Medical and Dental university as described in previous report \[[@pone.0154112.ref027]\]. Panc-1 was purchased from American Type Culture Collection (ATCC). HeLa, A549, MKN74 and HCT-15 were purchased from RIKEN BioResource Center (Tsukuba, Japan). MCF-7 was provided by the Cell Resource Center for Biomedical Research (Tohoku University, Miyagi, Japan). Primary normal human dermal fibroblasts (NHDFs) from an adult donor were purchased from PromoCell (C-12302, Heidelberg, Germany) and primary human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (CC-2517, Tokyo, Japan).

Coculture Analyses of Cancer Cells and NHDFs {#sec007}
--------------------------------------------

NHDFs (5×10^4^ cells/well) were seeded onto 24-well plates, incubated in Fibroblast Growth Medium 2 Kit (C-23120, PromoCell) for 48h, and then cocultured with various cancer cell lines (5×10^3^ cells/well) by incubation in α-MEM for 72h. Subsequently, the NHDFs were isolated using the following method and assessed using real-time PCR analysis. For western blot analysis, NHDFs (20×10^5^ cells/well) and cancer cell lines (2×10^4^ cells/well) were cocultured using 6-well plates.

NHDF Isolation from Cocultures {#sec008}
------------------------------

NHDFs were isolated from cocultures by using a magnetic activated cell separation (MACS) system with anti-Fibroblast MicroBeads (130-050-601, Miltenyi Biotec, Auburn, CA, USA) and an MS column (130-042-201, Miltenyi Biotec) according to the manufacturer's protocol.

siRNA Transfection {#sec009}
------------------

Prior to coculture, NHDFs were transfected with siRNA for human NOTCH3 by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Stealth siRNA for human NOTCH3 was purchased from Invitrogen. The sequence of the plus strand of the dsRNA was `5’-UCAAUGCUGUGGAUGAGCUUGGGAA-3’`.

Microvessel Evaluation {#sec010}
----------------------

The microvessel density (MVD) of human OSCC samples was calculated for two groups, the SMA(+)NOTCH3(-)CAFs group and the SMA(+)NOTCH3(+)CAFs group. By using double-immunofluorescent staining for SMA or NOTCH3 and CD34, the number of CD34-positive small vessels in SMA(+)fibroblastic cancer stroma was evaluated in the former group, and the number of CD34-positive small vessels in NOTCH3(+)fibroblastic cancer stroma was counted in the latter group. Prior to counting the number of microvessels, we first examined each section at low power magnification to identify the area with highest microvessel density, and selected three fields in each case. Three micrographs at high magnification (×200) were taken. The number of CD34-positive small vessels was counted and the SMA(+)/NOTCH3(+) fibroblastic area was quantitatively analyzed using an Axioskop2 plus microscope and AxioVsion rel 4.8 software (Zeiss). Total counts of CD34-positive microvessels per total quantitated SMA(+)/NOTCH3(+) fibroblastic area of three images was calculated and defined as the MVD of each case.

In Vitro Angiogenesis Assay {#sec011}
---------------------------

An *in vitro* endothelial-fibroblast organotypic coculture assay was modified as previously reported \[[@pone.0154112.ref028]\]. First (Day 0), NHDFs were seeded on 24-well plates (5.0×10^4^ cells/well) and cultured in Fibroblast Growth Medium for 48h. Then, siRNA for human NOTCH3 was transfected into the NHDFs according to the above-described method. The next day (Day 3), HO1-N-1 or A549 cancer cells (6.0×10^3^ cells/well) and HUVECs (3.0×10^4^ cells/well) were cocultured with the siRNA treated NHDFs in Endothelial cell growth medium. The culture medium was replaced every other day. On Day 9, the cells were fixed and immunohistochemically treated with the anti-CD31 antibody (mouse monoclonal, 1:100, NCL-CD31-1A10, Leica Biosystems, Newcastle, UK) and alkaline phosphatase-conjugated secondary antibody (WP20006, Invitrogen) and the signal was visualized using the BCIP/NBT substrate (11-681-45-001, Roche). Five photograph images with the highest CD31-positive capillary network in each well were captured by using an inverted microscope (ECLIPSE TS100, Nikon, Tokyo, Japan). The CD31-positive capillary network area was quantitatively analyzed using NIH image J software.

Effect of NOTCH3 on Cell Proliferation {#sec012}
--------------------------------------

To examine the effect of NOTCH3 on OSCC cell line proliferation, HO1-N-1 were seeded (2.0×10^3^ cells/well) onto a 96-well plate coated with a recombinant human NOTCH3 Fc chimera (R&D Systems, Minneapolis, MN, USA). Cell proliferation was measured by using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer's protocol.

Western Blotting {#sec013}
----------------

Western blot was conducted using standard method as described before \[[@pone.0154112.ref019]\]. Anti-Notch3 (D11B8, Cell Signaling, MA, USA), alpha smooth muscle Actin (ab32575, Abcam) and GAPDH (D16H11, Cell Signaling) were used as a primary antibody.

Real-Time Quantitative PCR Analyses {#sec014}
-----------------------------------

RNA was extracted from NHDFs, and reverse-transcribed into cDNA as described before \[[@pone.0154112.ref026]\]. Real-Time PCR was performed using a Light Cycler System (Roche Diagnostics). Relative expression was calculated by the comparative C~T~ method using GAPDH as an internal control. The sequences of PCR primers were described in previous studies (*NOTCH1* and *NOTCH3* \[[@pone.0154112.ref029]\], *NOTCH2*, *NOTCH4* and *HEY1* \[[@pone.0154112.ref019]\], *α-SMA* \[[@pone.0154112.ref025]\], and *GAPDH* \[[@pone.0154112.ref030]\]).

Statistical Analyses {#sec015}
--------------------

Correlation between NOTCH3 expression in CAFs and clinicopathological parameters was analyzed using the chi-square or Fischer's exact test. In *in vitro* assays, the differences in the mean values between two groups were compared using the Student's t-test, whereas, the differences in the mean values among multiple groups were analyzed using a one-way ANOVA followed by multiple-comparison with Tukey's methods. Overall survival rate was estimated according to the Kaplan-Meier Method and statistical significance was analyzed using the log-rank test. Overall survival times were calculated from the date of initial pathological diagnosis to the date of death. *P*-values less than 0.05 were considered statistically significant. Statistical analyses were performed using Ekuseru-Toukei 2015 (Social Survey Research Information, Tokyo, Japan).

Results {#sec016}
=======

NOTCH3 Expression in CAFs in the Tumor Microenvironment of OSCC {#sec017}
---------------------------------------------------------------

To investigate the distribution of NOTCH3 expressing cells in the tumor microenvironment, we immunohistochemically examined NOTCH3 expression in surgical specimens from 93 cases of tongue OSCC. Fibroblasts in cancer stroma, especially those adjacent to the tumor periphery, showed positive staining for NOTCH3 (31 out of 93 cases, 33.3%, [Fig 1A and 1B](#pone.0154112.g001){ref-type="fig"}). About 90% (82 out of 93 cases, 88.2%) of the cases exhibited negative or occasional weak NOTCH3 expression in the cancer cells. The latter result was compatible with our previous cDNA microarray study using human OSCC samples \[[@pone.0154112.ref019]\]. To further characterize the NOTCH3 positive fibroblasts, we conducted immunohistochemical staining for α-SMA, which is a marker of cancer associated fibroblasts (CAFs). Serial sections of the tumors showed that the NOTCH3-positive fibroblasts expressed α-SMA ([Fig 1C](#pone.0154112.g001){ref-type="fig"}). Double immunofluorecent stainig demonstrated the co-localization of NOTCH3 and α-SMA in fibroblasts ([Fig 1D--1F](#pone.0154112.g001){ref-type="fig"}). As summarized in [Table 1](#pone.0154112.t001){ref-type="table"}, α-SMA positive fibroblasts, which could be regarded as CAFs, were observed in the cancer stroma in 64 of 93 specimens (68.8%). The remaining 29 cases showed no fibroblastic reaction around invasive cancer nests and were negative for α-SMA, although a prominent inflammatory reaction was observed. NOTCH3-positive fibroblasts that were negative for α-SMA were not observed in any case.

10.1371/journal.pone.0154112.t001

###### α-SMA and NOTCH3 expression in fibroblasts in the OSCC stroma.

![](pone.0154112.t001){#pone.0154112.t001g}

                                                           NOTCH3           
  --------------------------------------- ---------------- ---------------- ----------------
                                          **93**                            
  **α-SMA positive fibroblasts (CAFs)**                                     
  **absent**                              **29 (31.2%)**   **-**            **-**
  **present**                             **64 (68.8%)**   **33 (35.5%)**   **31 (33.3%)**

![Distribution and characterization of NOTCH3-positive fibroblastic cells in cancer stroma in human OSCC.\
**A:** Histology of tumor invasive front. H&E staining. Scale bar, 100μm. **B:** Distribution of NOTCH3-positive fibroblastic cells. **C:** Distribution of α-SMA-positive fibroblastic cells. Cells stained brown in **B** and **C** represent positive cells for each antibody. Arrows in **A**, **B** and **C** indicate blood vessel layer, which is positive internal control of each antibody. **D**, **E**, **F:** Dual immunohistochemical analysis for α-SMA (red) and NOTCH3 (Green). Co-localization of α-SMA and NOTCH3 in fibroblasts was observed in cancer stroma. Scale bar, 50μm. Ca, cancer cells. Dotted lines in **A**-**F** indicate the interface of cancer nests and stroma. **G:** Kaplan-Meier curve for overall survival in relation to NOTCH3 expression in CAFs using 93 human OSCC cases. Log-rank test was used to calculate significance.](pone.0154112.g001){#pone.0154112.g001}

Although the most frequent involvement site for OSCC is the tongue, we further immunohistochemically investigated the NOTCH3 expression in CAFs using OSCC cases occurred at human gingiva, buccal mucosa, and floor of mouth. These results showed that NOTCH3-positive CAFs appeared in gingival SCCs (4 out of 9 cases, 44.4%), buccal SCCs (3 out of 10cases, 30%), and SCCs of the floor of mouth (3 out of 9 cases, 33.3%) ([S1 Fig](#pone.0154112.s001){ref-type="supplementary-material"}). There was not much difference in the frequency of NOTCH3-positive CAFs in tumor stroma among tongue SCCs and other SCCs.

These results suggested that there are OSCCs with NOTCH3-positive CAFs and OSCCs with NOTCH3-negative CAFs in their tumor stroma.

Clinicopathological Significance of NOTCH3 Expression in CAFs in OSCCs {#sec018}
----------------------------------------------------------------------

To characterize the significance of the presence of NOTCH3-positive CAFs in OSCC, we investigated the correlation between NOTCH3 expression in CAFs and clinico-pathological features in the above described tongue OSCC cases. As shown in [Table 2](#pone.0154112.t002){ref-type="table"}, OSCCs with NOTCH3-positive CAFs are associated with significantly larger tumor size (P = 0.0292) and lymph node metastasis (P = 0.0023) compared to OSCCs without NOTCH3-positive CAFs. There was no correlation between NOTCH3 expression in CAFs and age, gender or histological differentiation of SCC. We also evaluated the correlation between NOTCH3 expression in CAFs and the prognosis of the 93 tongue OSCC patients. Kaplan-Meier survival curves demonstrated that patients with NOTCH3-positive CAFs had a poorer prognosis than those without NOTCH3-positive CAFs ([Fig 1G](#pone.0154112.g001){ref-type="fig"}).

10.1371/journal.pone.0154112.t002

###### Clinico-pathological Significance of NOTCH3 expression in CAFs.

![](pone.0154112.t002){#pone.0154112.t002g}

  NOTCH3                                                                                   
  --------------------------------------------------------- ---- ------------ ------------ -----------------------------------------------
                                                            64   33 (51.6%)   31 (48.4%)   
  *Age*[^b^](#t002fn004){ref-type="table-fn"}(range29-79)                                  
  ≦64 years                                                 36   16 (44.4%)   20 (55.6%)   0.218
  \>64years                                                 28   17 (60.7%)   11 (39.3%)   
  *Gender*                                                                                 
  Male                                                      49   26 (53.1%)   23 (46.9%)   0.771
  Female                                                    15   7 (46.7%)    8 (53.3%)    
  *T-stage*                                                                                
  T1 (≦2cm)                                                 19   14 (73.7%)   5 (26.3%)    0.0292[\*](#t002fn002){ref-type="table-fn"}
  T2, 3, 4 (\>2cm)                                          45   19 (42.2%)   26 (57.8%)   
  *N-stage*                                                                                
  N0                                                        45   29 (64.4%)   16 (35.6%)   0.0023[\*\*](#t002fn003){ref-type="table-fn"}
  ≧N1                                                       19   4 (21.1%)    15 (78.9%)   
  *Differentiation*                                                                        
  well                                                      27   15 (55.6%)   12 (44.4%)   0.442
  moderate                                                  19   11 (57.9%)   8 (42.1%)    
  poorly                                                    18   7 (38.9%)    11 (61.1%)   

^a^ *P* values were calculated by the Fischer's exact test. Only 'Differentiaton' was calculated by chi-square test.

\**P* \< 0.05,

\*\**P* \< 0.01

^b^ Median years

Human OSCCs Stimulate NOTCH3 Expression in Fibroblasts {#sec019}
------------------------------------------------------

To confirm these immunohistochemical results, we performed *in vitro* experiments using cocultured OSCC cell lines and primary normal human dermal fibroblasts (NHDFs). Following co-culture, the NHDFs were separated using anti-Fibroblasts Microbeads as described in a previous report \[[@pone.0154112.ref031]\]. Western blot analysis of these NHDFs indicated that their coculture with OSCCs, especially with HO1-N-1 cells, stimulated NOTCH3 expression in the NHDFs compared to the basal expression when the NHDFs were cultured alone ([Fig 2A](#pone.0154112.g002){ref-type="fig"}). Moreover, α-SMA protein levels were also higher in NHDFs cocultured with OSCCs compared to control NHDFs ([Fig 2A](#pone.0154112.g002){ref-type="fig"}). We then further analyzed NHDF/OSCC co-culture using HO1-N-1 cells and NHDFs. Double immunofluorescent staining of NOTCH3 and keratin in this coculture model showed that bundles of NOTCH3-positive NHDFs surrounded keratin-positive HO1-N-1 cancer nests ([Fig 2B](#pone.0154112.g002){ref-type="fig"}), which resembled the distribution of NOTCH3-positive fibroblasts around the cancer nests in the human OSCC samples. Moreover, double immunofluorescent staining for NOTCH3 and α-SMA showed that these NOTCH3-positive NHDFs also co-expressed α-SMA ([Fig 2C](#pone.0154112.g002){ref-type="fig"}). Western blotting and quantitative real-time PCR analysis of the NHDFs separated from this coculture showed that NOTCH3 expression was significantly upregulated at both the protein and the mRNA level in the NHDFs cocultured with HO1-N-1, compared to the NHDFs cultured alone ([Fig 2D and 2E](#pone.0154112.g002){ref-type="fig"}; siCtrl). The mRNA expression of HEY1, a downstream target of NOTCH, was also significantly increased in NHDFs co-cultured with HO1-N-1 compared to its expression in the absence of HO1-N-1 ([Fig 2F](#pone.0154112.g002){ref-type="fig"}; siCtrl). Additionally, α-SMA expression in NHDFs cocultured with HO1-N-1 was also increased at both the protein and mRNA levels compared to culture in the absence of HO1-N-1 ([Fig 2D--2F](#pone.0154112.g002){ref-type="fig"}; siCtrl). The induction of HEY1 and α-SMA by coculture was significantly inhibited in NHDFs transfected with siRNA for NOTCH3 (siN3) compared to cells transfected with control siRNA (siCtrl) ([Fig 2D, 2F and 2G](#pone.0154112.g002){ref-type="fig"}). This siN3 significantly suppressed NOTCH3 expression compared to siCtrl ([Fig 2D and 2E](#pone.0154112.g002){ref-type="fig"}). Collectively, these data indicate that OSCCs have the potential to induce NOTCH activity by stimulating the expression of NOTCH3 in NHDFs, and that NOTCH3 expression regulates α-SMA expression. The above NOTCH3 induction in NHDFs was observed when HO1-N-1 and NHDFs were cocultured in a direct contact system. Separation co-culture using a porous transwell did not induce upregulation of *NOTCH3* expression in NHDFs ([Fig 2H](#pone.0154112.g002){ref-type="fig"}). This result implies that juxtacrine signaling through cell-to-cell contact between cancer cells and fibroblasts is essential for the induction of NOTCH3 expression in fibroblasts. Moreover, the mRNA expression level of NOTCH1 or NOTCH2 in NHDFs cocultured in a direct contact system with HO1-N-1 cells showed no significant change compared to the NHDFs cultured alone. NOTCH4 expression was not detected in this system ([Fig 2I](#pone.0154112.g002){ref-type="fig"}). These results suggest that OSCCs specifically stimulate NOTCH3 expression in fibroblasts.

![OSCC stimulates NOTCH3 expression in fibroblasts.\
**A:** NHDFs were cultured alone (ctl; control) or cocultured with represented oral and maxillary SCC cell lines. 3 days after coculture, NHDFs were isolated from this coculture by using anti-Fibroblast microbeads for Western blot analysis. **B and C:** Immunofluorostainig using coculture with HO1-N-1 and NHDFs. Culture of NHDFs alone was used as a control. The bundles of NOTCH3-positive NHDFs (green) were observed around the AE1/AE3-positve HO1-N-1 cancer nests (red) (**B**). Double NOTCH3 and α-SMA-positive NHDFs were intervened between HO1-N-1 cancer nests. Ca, HO1-N-1 cancer nests. Dotted lines demonstrate the interface of HO1-N-1 cancer nests and NHDFs. (**C**). Scale bar, 100μm. The nuclei were counterstained by DAPI. **D-G:** NHDFs transfected with negative control siRNA (siCtrl) or siRNA for NOTCH3 (siN3) was cultured alone or cocultured with HO1-N-1 cells. 3 days after coculture, NHDFs were isolated from this coculture and subjected to western blot (**D**) and qPCR analyses to measure NOTCH3 (**E**), HEY1 (**F**), α-SMA (**G**). **H:** NHDFs were cultured alone (control), or directly cocultured with HO1-N-1 cells, or cocultured with transwell-separated HO1-N-1 cells. 3 days after culture, NHDFs were isolated and subjected to qPCR analysis. **I:** qPCR to measure each NOTCH mRNA expression in NHDFs isolated from coculture with HO1-N-1 cells. ND, not detected. \**P* \< 0.05, \*\**P* \< 0.01.](pone.0154112.g002){#pone.0154112.g002}

NOTCH3 Expressed in CAFs Regulates Angiogenesis {#sec020}
-----------------------------------------------

The immunohistochemical study using human OSCC samples indicated that NOTCH3 expression in CAFs significantly correlated with T-stage (tumor size). This result suggested that NOTCH3-positive CAFs promote tumor growth by stimulating tumor cell proliferation and/or by enhancing angiogenesis. To investigate these possibilities, we first performed an *in vitro* cell proliferation assay using HO1-N-1 cells, which expresses the NOTCH ligand JAG1 as determined by Western blotting ([Fig 3A](#pone.0154112.g003){ref-type="fig"}). Treatment with a recombinant human NOTCH3-Fc/chimera, which can bind to its ligand, JAG1, did not affect HO1-N-1 proliferation ([Fig 3B](#pone.0154112.g003){ref-type="fig"}).

![NOTCH3 did not directly affect OSCC cells proliferation.\
**A:** JAGGED1 expression in various oral cancer cell lines was analyzed by Western blot. **B:** The effect of NOTCH3 on cell proliferation. The proliferation of HO1-N-1 cells with or without recombinant human NOTCH3-Fc chimera treatment was monitored for 72hr.](pone.0154112.g003){#pone.0154112.g003}

Next, we conducted double immunofluorescent staining of NOTCH3 and CD34 (a marker of endothelial cells) to determine if NOTCH3 expression in CAFs is associated with the density of blood vessels in human tongue OSCC samples. Micro-vessel density at the tumor invasive area was significantly increased in the NOTCH3(+)CAFs group compared to the NOTCH3(-)CAFs group ([Fig 4A and 4B](#pone.0154112.g004){ref-type="fig"}). This result suggested that NOTCH3(+)CAFs promote angiogenesis. To further investigate the mechanism of such angiogenesis, we performed an organotypic angiogenesis assay by coculturing HO1-N-1 cells, HUVEC and NHDFs to determine whether OSCC-induced NOTCH3 in NHDFs facilitates vessel formation. Immunofluorescent staining of this co-culture showed a CD31-positive meshwork formed by HUVECs and NOTCH3-positive NHDFs around the cancer cell nests ([Fig 4C](#pone.0154112.g004){ref-type="fig"}). Western blot analysis indicated that NHDFs cocultured with HUVECs alone, in the absence of HO1-N-1 cells showed NOTCH3 induction compared to the control NHDFs. Much higher levels of NOTCH3 expression were observed in NHDFs that were cocultured with HUVECs together with HO1-N-1 cells ([Fig 4D](#pone.0154112.g004){ref-type="fig"}). To evaluate tube formation in this assay, we visualized CD31-positive cells by immunostaining. Compared to the control group, CD31--positive tube formation by HUVECs in the presence of NHDFs and control siRNA was significantly increased by co-culture with HO1-N-1. This tube formation was significantly suppressed when the NHDFs were transfected with siN3 ([Fig 4E and 4F](#pone.0154112.g004){ref-type="fig"}). These results suggested that OSCCs promote angiogenesis by inducing NOTCH3 expression in CAFs.

![NOTCH3-positive CAFs promotes angiogenesis.\
**A and B**: Comparison of the microvessel density (MVD) between NOTCH3(-) CAFs and NOTCH3(+)CAFs cases. Immunofluorostaining for α-SMA (green), NOTCH3 (green) and CD34 (red) using human tongue OSCC samples. Ca, cancer nests. Dotted lines showed the interface of the cancer nests and stroma. Arrows demonstrated the CD34-positive microvessel. Scale bar, 50μm. The nuclei were counterstained by DAPI (**A**). Quantitative evaluation of MVD between these two groups (**B**). **C-F**: *In vitro* angiogenesis assay cocultured with HO1-N-1 cells, HUVECs and siRNA transfected NHDFs. Immunofluorostaining for NOTCH3 (green) and CD31 (red). Ca, HO1-N-1 cancer nests. Dotted lines indicate the margin of the HO1-N-1 cancer nests. Scale bar, 100μm. The nuclei were counterstained by DAPI (**C**). NHDFs isolated from this coculture were subjected to Western blot (**D**). Representative image of tube formation by HUVECs in each condition. Scale bar, 100μm (**E**). Quantitative evaluation of tube formation area (CD31-positive area) in each condition (**F**). siCtrl, negative control siRNA. siN3, siRNA for NOTCH3. \*\**P* \< 0.01.](pone.0154112.g004){#pone.0154112.g004}

To investigate whether NOTCH3 induction in fibroblasts is a unique property of OSCCs, we cocultured NHDFs with cell lines derived from cancers of various organs including uterine cervix, lung, breast, stomach, colon, and pancreas. Western blotting analysis indicated that A549 cells, which are a lung adenocarcinoma cell line, stimulated the expression of NOTCH3 in NHDFs at a level that was similar to that induced by HO1-N-1 ([Fig 5A](#pone.0154112.g005){ref-type="fig"}). An *in vitro* angiogenesis assay showed that A549 cells significantly induced tube formation in HUVECs when co-cultured with NHDFs and that this meshwork was significantly reduced by NOTCH3 knockdown in NHDFs ([Fig 5B and 5C](#pone.0154112.g005){ref-type="fig"}). Western blot analysis of NHDFs isolated from the angiogenesis assay revealed similar results to those obtained when NHDFs cocultured with HUVECs and HO1-N-1 were analyzed ([Fig 5D](#pone.0154112.g005){ref-type="fig"}). These results indicate that cancer cells other than OSCC can induce NOTCH3 in CAFs and promote angiogenesis.

![A549 promotes NOTCH3 expression in NHDFs and angiogenesis *in vitro*.\
**A:** NHDFs were cocultured with various cancer cell lines derived from non-oral lesions. 3 days after coculture, NHDFS were isolated from this coculture and subjected to Western blot analysis to detect NOTCH3 and α-SMA. **B-D:** In vitro angiogenesis assay cocultured with A549, HUVECs and siRNA transfected NHDFs. Representative images of tube formation (**B**) and its quantitative evaluation (**C**) in each condition. Scale bar, 100μm. NHDFs isolated from this angiogenesis assay were subjected to Western blot analysis (**D**). siCtrl, negative control siRNA. siN3, siRNA for NOTCH3. \*\**P* \< 0.01.](pone.0154112.g005){#pone.0154112.g005}

Finally, to further characterize the pro-angiogenic effect of NOTCH3-expressing NHDFs, we isolated NHDFs from coculture with HO1-N-1 ([Fig 6A](#pone.0154112.g006){ref-type="fig"}). These activated NHDFs were then cocultured with HUVECs in absence of cancer cells for 4days and the tube formation was evaluated. Compared to the control group, tube formation significantly increased in NHDFs isolated from coculture with HO1-N-1. Moreover, this tube formation significantly decreased in siN3 transfected NHDFs isolated from coculture with HO1-N-1 ([Fig 6B and 6C](#pone.0154112.g006){ref-type="fig"}).

![NHDFs isolated from coculture with HO1-N-1 promotes angiogenesis *in vitro*.\
**A:** NHDFs were cocultured with HO1-N-1 for 3 days. Prior to coculture, NHDFs were transfected with negative control siRNA or siRNA for NOTCH3. After 3 days, NHDFs were isolated from this coculture by using anti-fibroblast microbeads. NHDFs were subjected to real-time qPCR analyses to measure Notch3 expression. **B-C:** These isolated NHDFs were seeded on 24-well plates (2.5×10^5^ cells/well) and cocultured with HUVECs (3.0×10^4^ cells/well) for 4 days. Representative images of tube formation (**B**) and its quantitative evaluation (**C**) in each condition. Scale bar, 100μm. ctlNHDF(siCtl), negative control siRNA transfected NHDF isolated from culture alone. co-NHDF(siCtl), negative control siRNA transfected NHDF isolated from coculture with HO1-N-1. co-NHDF(siN3), siRNA for NOTCH3 transfected NHDF isolated from coculutre with HO1-N-1. \*\**P* \< 0.01.](pone.0154112.g006){#pone.0154112.g006}

Discussion {#sec021}
==========

Angiogenesis, which is the formation of new blood vessels from pre-existing ones, plays an important role in cancer proliferation. Moreover, angiogenesis aids cancer cells to escape from the primary site into the blood stream and to establish distant metastasis in a secondary organ. This complex process is regulated by various angiogenic factors produced by the tumor microenvironment including by tumor cells, fibroblasts and macrophages. However, the contribution of CAFs to angiogenesis is not yet fully understood.

Mural cells, such as pericytes and vascular smooth muscle cells, are located at the interface of the endothelium and surrounding stromal tissues. Pericytes interact with endothelial cells and regulate blood flow, vessel permeability, stabilization, remodeling and maturation of blood vessels \[[@pone.0154112.ref032], [@pone.0154112.ref033]\]. In addition to these functions, pericytes contribute to angiogenesis under physiological and various pathological conditions \[[@pone.0154112.ref034]\]. Pericytes play a pivotal role in supporting angiogenesis by regulating the migration, growth, maturation and stabilization of endothelial cells \[[@pone.0154112.ref034], [@pone.0154112.ref035]\]. Recent studies demonstrated that Notch signaling between mural cells and endothelial cells is an important pathway for vascular formation \[[@pone.0154112.ref036], [@pone.0154112.ref037]\]. Lilly B et al performed microarray analysis to identify the genes that are involved in angiogenesis using a three-dimensional coculture model of HUVECs and human dermal fibroblasts. They discovered that *NOTCH3* is a candidate angiogenic gene, whose expression was substantially increased in fibroblasts when cocultured with HUVECs \[[@pone.0154112.ref024]\]. Liu H et al reported that this NOTCH3 induction stimulates the expression of α-SMA in human dermal fibroblasts and modulates vessel formation by HUVECs \[[@pone.0154112.ref025]\]. Our study showed that OSCC cell lines stimulated NOTCH3 and α-SMA expression in fibroblasts and that this α-SMA induction was partially regulated by NOTCH3 activity. Moreover, these NOTCH3-overexpressing fibroblasts had the potential to induce vessel formation by HUVECs. Although the detailed mechanism of vessel formation induction by NOTCH3 signaling has not been fully clarified, an *in vivo* study using *Notch3*-null mice demonstrated that NOTCH3 in mural cells regulates vessel sprouting in developing retinal capillaries \[[@pone.0154112.ref038]\]. These results suggested the possibility that NOTCH3(+)CAFs might positively regulate vessel sprouting, which would result in an overall increase in vessel density. Based on the combined data, we assume that CAFs in OSCCs 'mimic' the function of mural cells through induction of NOTCH3, which leads to the promotion of tumor angiogenesis.

Notch signaling functions as an angiogenic regulator in physiological and pathological conditions, including cancer. Sprouting angiogenesis involves two distinct endothelial cell types, namely tip and stalk cells, and the Notch pathway plays an important role in specification of these two cells. In response to vascular endothelial growth factor (VEGF), tip cells, which are located at the leading edge of the vessels, produces the NOTCH ligand DLL4. DLL4 then binds to NOTCH1 on neighboring endothelial cells, which causes these cells to become stalk cells and adopt a proliferative behavior for vessel elongation \[[@pone.0154112.ref039], [@pone.0154112.ref040]\]. NOTCH3 is predominantly expressed on mural cells and interacts with endothelial JAG1. This heterotypic communication leads to stabilization and maturation of vessels \[[@pone.0154112.ref025], [@pone.0154112.ref036], [@pone.0154112.ref037]\]. NOTCH3(+)CAFs may promote sprouting of tumor endothelial cells by a molecular mechanism similar to that of the DLL4/NOTCH1 pathway and stabilize the newly formed tumor vessels through JAG1/NOTCH3 interactions between endothelial cells and CAFs.

Our study demonstrated that NOTCH3 induction in fibroblasts needs cell-to-cell contact between cancer cells and fibroblasts. We presume that juxtacrine or paracrine factors that exert their influence over a short distance may play an important role in this NOTCH3 induction. Immunohistochemical analysis using surgically excised OSCC samples showed that NOTCH3-positive CAFs were located not only close to the periphery of cancer nests but also at some distance from the cancer nests. These results imply that paracrine as well as juxtacrine mechanisms participate in the NOTCH3 induction in CAFs. Notch signaling is known to mediate lateral induction of the signal, in which a ligand-expressing cell stimulates neighboring cells to upregulate ligand expression, thereby causing the propagation of Notch signaling activity. Notch-mediated lateral induction is observed in the development of various organs \[[@pone.0154112.ref041]\]. Previous studies of arterial wall formation have shown that initial heterotypic interaction between JAG1-expressing endothelial cells and NOTCH3-expressing smooth muscle cells stimulates JAG1 expression in smooth muscle cells, which then leads to propagation of JAG1 expression in the neighboring smooth muscle cells by lateral induction to promote differentiation of these cells \[[@pone.0154112.ref038], [@pone.0154112.ref042]\]. Moreover, Liu H et al transfected an active form of human NOTCH3 (NICD3) into fibroblasts and found that NICD3 significantly induces NOTCH3 and JAG1 expression in fibroblasts. This result implies that NOTCH3 can autoregulate its own expression \[[@pone.0154112.ref025]\]. These studies suggest one possible mechanism by which NOTCH3 expression could be propagated towards the CAFs that are far from the cancer nests i.e., direct interaction of NOTCH3 with JAG1-expressing OSCCs might initiate the induction of NOTCH3 expression in CAFs. These CAFs might then induce JAG1 and NOTCH3 expression in neighboring CAFs. Another possible explanation of the propagation of NOTCH3-expressing CAFs is through the action of paracrine factors. Thus, cell-to-cell contact between cancer cells and CAFs may lead to the production of paracrine factors that can stimulate NOTCH3 expression in CAFs. Further analysis will be required to determine the details of the mechanism for the propagation of NOTCH3 signaling to distant CAFs.

Previous studies have shown that NOTCH3 is overexpressed in the tumor cells of various types of cancers, including non-small cell lung cancers, pancreatic cancers, colorectal cancers and ovarian cancers, and that such overexpression correlates with poor prognosis of the patients \[[@pone.0154112.ref043]--[@pone.0154112.ref046]\]. Zhang et al reported that NOTCH3 expression in cancer cells of OSCCs significantly correlated with clinical stage \[[@pone.0154112.ref047]\]. However, the relationship between NOTCH3 expression and prognosis in OSCCs has not been reported. In the present study, we focused on NOTCH3 expression in CAFs, not in tumor cells, and demonstrated that the expression of NOTCH3 in CAFs is associated with poor prognosis of OSCC patients. These data suggest that NOTCH3 expression in CAFs might be used as a prognostic marker of OSCCs.

In this study, we demonstrated that OSCCs stimulated the surrounding CAFs to express NOTCH3 in a cell-to-cell contact dependent manner, which activated the CAFs and resulted in their involvement in angiogenesis, thereby promoting tumor growth. Targeting NOTCH3-positive CAFs may provide a new therapeutic approach for OSCC treatment. Tarextumab is a human monoclonal antibody that targets NOTCH2 and NOTCH3 and inhibits their functions. Tarextumab has recently tested in a phase II clinical trial for the treatment of pancreatic adenocarcinoma and pulmonary small cell carcinoma, which exhibit dysregulated NOTCH2 and/or NOTCH3 activity in tumor cells \[[@pone.0154112.ref048]\]. Employment of a similar molecular targeted drug against the Notch signaling pathway in OSCC treatment will be useful for blocking excessive NOTCH3 activity in CAFs, which would suppress tumor angiogenesis.
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###### NOTCH3-positive CAFs in tumor stroma in human gingival, buccal and floor of mouth SCCs.

Immunohistochemical analyses for α-SMA and NOTCH3 in human gingival, buccal and floor of mouth SCC samples. Scale bar, 100μm. Ca, cancer cells.

(TIF)

###### 

Click here for additional data file.
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